The pattern of breathing in patients anaesthetized with isoflurane has not been studied extensively. Eger and his colleagues (1972) reported values for tidal volume and respiratory pattern in patients breathing isoflurane in oxygen or isoflurane in nitrous oxide and oxygen and suggested that, at similar depths of anaesthesia, respiratory frequency and minute ventilation were altered by the presence of nitrous oxide. In particular, when the depth of anaesthesia was increased using isoflurane in the presence of 70 % nitrous oxide, an increase in respiratory frequency occurred which acted to counteract the effect of the decrease in tidal volume; hence, ventilation was less depressed than when isoflurane in oxygen was used.
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The pattern of breathing in patients anaesthetized with isoflurane has not been studied extensively. Eger and his colleagues (1972) reported values for tidal volume and respiratory pattern in patients breathing isoflurane in oxygen or isoflurane in nitrous oxide and oxygen and suggested that, at similar depths of anaesthesia, respiratory frequency and minute ventilation were altered by the presence of nitrous oxide. In particular, when the depth of anaesthesia was increased using isoflurane in the presence of 70 % nitrous oxide, an increase in respiratory frequency occurred which acted to counteract the effect of the decrease in tidal volume; hence, ventilation was less depressed than when isoflurane in oxygen was used.
The present study was designed to investigate this observation more fully by measuring ventilation and the timing of the respiratory cycle, and by applying airway occlusion to assess some of the factors involved in the control of respiratory frequency. In addition, the design of the study allowed assessment of the possible influence of nitrous oxide on the reflex responses to airway occlusion. A previous study of enflurane and nitrous oxide anaesthesia found that airway occlusion was associated with a shortening of the duration of the inspiratory attempt which was possibly caused by the presence of nitrous oxide (Drummond, 1984) .
PATIENTS AND METHODS
Patients gave their informed consent for the study, which was approved by the local Ethics Committee. Sixteen patients (ASA category I or II) were studied in the supine position during general anaesthesia for varicose vein or inguinal hernia surgery. They were allocated randomly to two groups. The first group were anaesthetized with isoflurane using oxygen as the carrier gas (group O); in the second group nitrous oxide 67% in oxygen was used along with the isoflurane (group N). Details of the patients are given in table I; none had overt respiratory disease. All received temazepam 20 mg by mouth 1 h before the induction of anaesthesia. General anaesthesia was induced with etomidate 20 mg i.v. and the trachea was intubated after suxamethonium 1 mg kg" 1 i.v. The tracheal tube used (Mallinkrodt) had a narrow integral sampling cannula that opened near the tip of the tube to allow the aspiration of end-tidal gas from the trachea. Eight-millimetre tubes were used for females and 9.0-mm tubes for males. The tube was connected directly to the measurement system so that there were no abrupt changes in internal diameter or direction of gas flow. When spontaneous breathing returned, anaesthesia was continued with isoflurane using either oxygen (group O) or 67 % nitrous oxide in oxygen as the carrier gas. End-tidal samples were taken by intermittent suction from the sampling cannula and passed through an interferometer (Riken). The inspired concentration was adjusted to give the end-tidal concentrations, shown in table II, to within 0.1%. This choice of concentrations was based on the assumption that 0.75 % isoflurane was equivalent to 67 % nitrous oxide; To reduce the possibility of a systematic error caused by a discrepancy between alveolar and brain partial pressures of anaesthetic, half of the patients in each group received the low and then the high concentration, 
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Low High and the other half in the group received the concentrations in reverse order. The breathing system used was a T-piece, with a reservoir volume of approximately 1 litre, to exclude the possibility of air being drawn into the circuit. This was connected to a large-bore tap, a low resistance non-rebreathing valve (Ambu Hesse) and a screen pneumotachograph (Mercury Electronics F100 L) ( fig. 1 ). The pneumotachograph was calibrated on each occasion with the appropriate gas mixtures. Airway pressures at the valve and the pneumotachograph pressure were measured with transducers (Furness MDC) and recorded on an oscillograph (Bell and Howell 5-127). The tap was used either to occlude the inspiratory tubing or to connect the valve to a large air container at ambient pressure with an elastance of about 4.9 kPa litre" 1 , to reduce tidal volume by about 40-60%.
Measurements were made after surgery had started and the end-tidal concentration had been adjusted satisfactorily for at least 15 min. Times of measurement were chosen when no skin incisions were being made and when a stable pattern of inspiratory flow had been present for 5 min. When these conditions were met, measurements were made of airway pressure and flow for three unobstructed breaths, and for the subsequent breath when the circuit tap had been turned to present either the occlusion or the load. Six applications of both load and occlusion were made alternately, at 1-min intervals. The end-tidal isoflurane concentration was then adjusted to the other concentration to be studied and the measurements were repeated.
The traces were digitized (LC 12, Terminal Display Systems) and analysed (BBC B microcomputer) to give tidal volume, airway pressure during load and occlusion, and the durations of normal, loaded and occluded inspiration, and of the total respiratory cycle. The durations of loaded and occluded inspiration were taken from the start of the decrease in airway pressure to the minimum airway pressure (P min ) during the inspiratory attempt. Ventilation was calculated from the mean values of tidal volume ( FT) and the total duration of the respiratory cycle (T 101 ). Mean inspiratory flow ( VT/ 7I) was calculated for each breath from VT and the duration of inspiration (Ti), and the mean of VT/TI calculated from these values.
Statistical comparisons were undertaken using Student's t test, or the t test for paired values, as appropriate (Campbell, 1974) and P < 0.05 was taken as significant.
RESULTS
The timing of breathing, the tidal volumes, and the occlusion pressure at the end of the occluded breath are given in table III. There was no significant difference in 7™ between groups O and N at either depth of anaesthesia. With the deeper level of anaesthesia, the duration of the total respiratory cycle was reduced from 2.36 to 2.13 s in group O and from 2.55 to 2.38 s in group N. Both these changes were statistically significant, but represented changes in frequency of only about 2 or 3 b.p.m. In group O, the duration of inspiration was also reduced significantly during the deeper anaesthesia.
Occlusion of the airway caused a significant decrease in the duration of inspiration in patients in both groups and at both depths of anaesthesia. Loaded breaths had a duration intermediate between the normal and occluded durations in all but one instance. The duration of the total respiratory cycle was not influenced by occlusion. The relationship between the mean values for FT, 7I, T 101 and the effects of the load and occlusion are shown in figure 2. This figure indicates also the influence of the higher isoflurane concentrations on mean inspiratory flow rate. Values for Vi/Ti and minute ventilation are given in table IV and illustrated in figure 3. With the higher concentration of isoflurane, ventilation decreased significantly in group N. This was attributable to a significant reduction in T 101 and to a trend to a decrease in VT/TI (P < 0.1). In contrast, the greater end-tidal isoflurane concentration in group O was not associated with a significant reduction in ventilation or FT/ TI (P < 0.1) whereas T 101 and VT were reduced significantly.
Time s FIG. 2. Relationship between mean values (±SD) of tidal volume, and inspiratory and total respiratory cycle durations
An index of the effective impedance of the respiratory system was obtained from the ratio of the rate of change of occlusion pressure (P mln / 7*1°) to inspiratory flow rate (VT/TI). There was no difference between the groups at either concentration.
DISCUSSION
Methods
The study was designed to decrease the effect of ensuring that equilibration had occurred between alveolar gas and brain, by allocating equal numbers in each group to an increasing or decreasing anaesthetic concentration. This might mean that within the group, equal numbers would have brain partial pressures both above and below end-tidal partial pressure. The same change in concentration (1 %) was imposed on each group so that the kinetics of equilibration would be similar except for possible differences caused by the different cardiovascular effects of nitrous oxide and isoflurane. To speed equilibration, during the first 5 min after a change in inspired isoflurane concentration, this change was exaggerated: for instance, an "overpressure" effect was used to deepen anaesthesia quickly.
The response of the interferometer was slow. Initial assessment showed that 300 ml of gas had to pass through the device to result in a 95% change in reading. Since only about 5 ml was aspirated from the end of each expiration, the time response to a step change in alveolar concentration would have been 3 min. However, this was rapid enough to follow the actual changes in alveolar concentration which, in most instances, would be slower than this. The interferometer was calibrated for halothane and was checked using recently calibrated halothane vaporizers, and found to be linear over the range 0-4 %. A correction factor of 1.07 was applied to allow estimation of isoflurane (A. M. Bickford, personal communication) using the halothane graduations. The MAC of isoflurane was taken as 1.15%. Since it was not possible to adjust the end-tidal concentrations of isoflurane by less than ±0.1%, no corrections for age were made in the MAC values. The original estimate of 70 % nitrous oxide having an anaesthetic potency equal to 0.75 isoflurane was taken (W. M. Dolan, unpublished, cited in Eger et al., 1972) although other estimates differ slightly (Eger, 1981) . Considerable changes in ventilation occurred on skin incision, particularly at the lower concentrations of isoflurane and, since there was only one skin incision in the majority of patients, ventilation was relatively stable for the rest of the procedure. However, ventilation and the variation in ventilation were greater than in previous similar studies when patients received a combination of local and general anaesthesia (Drummond, 1984) . The cardiovascular changes observed at skin incision during the lighter anaesthesia were often pronounced. A pilot study had shown that 1.0 MAC isoflurane (as used in Eger's study (1972)) was impracticable.
Fifteen minutes was allowed to elapse between skin incision and the first set of measurements, studies in animals having suggested that that interval was long enough for the effects of an intense stimulus to recede (Eldridge, 1974) . Moreover, it was as long as was allowed in the study of Eger and colleagues (1972) .
The technique of imposing loads during inspiration (including complete occlusion of the airway) in order to alter the phasic volume feedback of lung volume (predominantly via the vagus nerves) to the respiratory controller has been used for many years in animal studies (Grunstein, Younes and Milic Emili, 1973; Richardson et al., 1973; Mazzarelli et al., 1979; Marsh, Rehder and Hyatt, 1981) and in man to obtain information about respiratory effort (Derenne et al., 1976) and the influences of reflexes on respiratory timing (Polacheck et al., 1980; Drummond, 1984) . It is open to the criticism that the duration of inspiration is measured from airway flow during a normal breath, whereas the pressure in the airway has to be used to measure Tl during airway occlusion (and also elastic loading if a valve system is used). In fact, neither method is ideal, since inspiration is best considered to have ceased when the nervous output from the respiratory centre (or the phrenic nerve) ceases to increase. Complete cessation of inspiratory activity does not occur suddenly, but continues in decreasing degree, often well into expiration (Agostoni, 1964) . Airway occlusion allows a more exact indication of neural activation of the inspiratory muscles: the duration of neural activation and of occlusion pressure are very similar (Miserocchi and Milic Emili, 1976) and there is a close relationship between neural activation and the pressure generated (Siafakas et al., 1981) . In contrast, during normal breathing, the duration of inspiratory flow is greater than the duration of neural activity, probably because of the increased compliance and, hence, greater time constant of the unloaded respiratory system (Miserocchi and Milic Emili, 1976 ). This effect may be responsible for the changes observed in this and other studies (Drummond, 1984) . Another possibility is that, if fatigue were to occur within the duration of a single breath, then the tension in the muscle and, consequently, the pressure generated by occlusion, could decrease despite increasing neural activation. This would result in an artefactually short Tl. This hypothesis depends upon the assumption that a load is more fatiguing than unloaded breathing. This is certainly true over many breaths (Bellemare and Grassino, 1982) , but is unlikely to occur within a single breathy and has not been reported in studies in which neural activation and pressure were measured simultaneously.
Results
There were two important findings in this study. First, the substitution of nitrous oxide for some of the anaesthetic influence of isoflurane did not alter greatly the effects of increasing end-tidal isoflurane concentration. Second, the presence of nitrous oxide did not alter the influence of airway occlusion on inspiration.
Comparison of this study with that of Eger and colleagues (1972) is difficult, although the design of the present study was intended to accentuate the differences that they had reported. Premedication with temazepam and an i. v. induction of anaesthesia were used in the present study, since the possible interference that their use could cause did not seem to justify their omission. A greater "span" of end-tidal concentrations were chosen, and the same MAC equivalents were used in both groups. No measurements were made at an intermediate concentration. A denned order of administration was used. The lesser end-tidal concentration chosen was greater than before, as a pilot study had shown that some patients would not tolerate many types of surgery or the presence of the tracheal tube at the 1.0 MAC isoflurane used in Eger's study (1972) .
In the present study there was no difference between the response of the two groups: during deep anaesthesia, a slightly greater respiratory rate was found. In the group given oxygen, deeper anaesthesia did not result in a decrease in ventilation, although the breathing did become more rapid and shallow. This was not an expected finding and could be the result of variations in the severity of surgical stimulation, which appeared to influence VT/TI much more than the timing of the breathing cycle.
It is possible that the intensity of chemoreceptor activity in the group given nitrous oxide could have been greater because Pa Of would have been lower in these patients. However, the stimulus present in patients breathing 33 % oxygen would not be great and it was not thought justifiable to measure Pa^. Nevertheless, the possibility remains that a different degree of chemoreceptor input in the patients receiving nitrous oxide in this study, and those receiving nitrous oxide in the study of Eger and others (1972) could explain the differences in the responses observed.
The effects of the reduction or abolition of the increase in lung volume, by an elastic load or airway occlusion, caused a decrease in the duration of inspiration, proportional to the reduction in tidal volume achieved. The same phenomenon was reported during halothane and enflurane anaesthesia when these agents were given with nitrous oxide (Drummond, 1984) . Since nitrous oxide selectively depresses spinal monosynaptic reflexes (Sugai, Maruyama and Goto, 1982) this shortening could have been the result of an increase in activity in a polysynaptic reflex, the inspiratory inhibitory intercostal reflex (Read, Freeman and Kafer, 1974) . However, in the present study, inspiration was shortened in exactly the same way in the absence of nitrous oxide, so this possibility becomes unlikely. The present findings confirm that, in man anaesthetized with volatile anaesthetic agents, there is no evidence of a volume-related inspiratory inhibiting reflex (Hering-Breuer reflex) which would cause prolongation of inspiration if the increase in lung volume were prevented. The decrease in the duration of inspiration produced by airway occlusion in anaesthetized patients is probably caused by the decrease in the time constant of the respiratory system (Miserocchi and Milic Emili, 1976) .
